
PHYSIOLOG Y 

T H E  E F F E C T  OF P O L A R I Z A T I O N  ON T H E  E L E C T R I C A L  R E S P O N S E  

OF A M U S C L E  FIBER 

A. L. S h a p o v a l o v  

Department of Pharmacology (Head, Prof. A.V. Val'dmag_), 
I. Leningrad LP. Pavlov Medical Institute 

(Presented by Active Member AMN SSSR V. V. Zakusov) 
Translated from Byulleten' Eksperimental'noi Biologii i Meditsiny, Vol. 51, No. 6, 
pp. 3-8, June, 1961 
Original article submitted March 30, 1960 

The dependence of the electrical response of muscle and nerve fibers on their state of polarization can give 
information concerning the development and spread of excitation in various synaptic structures. Coombs, Eccles 
and Fatt [3],using a double-barrelled, iutracellular electrode,have shown that when motor neurones of the spinal cord 
are polarized there is a change in the transmission of excitation from one part of the nerve cell to another. Benoit 
and Coraboeuf [2] found a change in the amplitude of the action potentials of a muscle fiber was caused by polar~ 

ization. 

We have used intracetlular polarization, and have led off potentials from the fiber through double=barrelled 
intracellular microelectrodes to record postsynaptic and spike potentials evoked by indirect stimulation. 

M E T H O D  

The experiments were carried out on isolated nerve-muscle preparations of the sartorius muscle of the grass 
frog. Stimulation was produced by single or repeated square-wave pulses from an electronic stimulator. The mus- 
cle potentials were led off from double-barrelled intraeellular microelectrodes, as we have described in detail 
previously [1]. The electrodes were filled with 3 M KCI solution. The diameter of the tip was 0,5 - 1/1, and the 
resistance was 2-15 Mohm. One of the microelectrodes was connected to the grid of  the input cathode-follower 
o f a D .  C. amplifier,  and the other was connected through a 100 Mohm resistance to a source of dlreet  current. Be- 

cause of the common resistance to the two channels of the intraeellular mieroelectrode and the eapaeitative 
connection between the channels, passing current through one channel caused a considerable fall of potential across 
the common resistance of the microelectrode. It was therefore difficult to determine a genuine change of  m e m -  
brane poter~tial, and we studied only the magnitude of the polarizing current measured by means o fanM-95  galvanom~ 
eter. Currents used ranged from 1 �9 10"8 to 5 �9 10 -7 a. Currents of the order of 2-6 �9 10 "7 a were suprathreshold for 

some of file fibers. 

R E S U L T S  

Hyperpolarization of a muscle fiber caused by a current directed inward into the cell caused an increase in 
the amplitude of the action potential. The increase was from 120 to 130%, depending on the strength of  the hyper- 
polarizing current. On the other hand, depolarization of the cell by an outwardly directed current caused a consider- 
able fall in the spike potential. After the polarizing current had been switched off, the amplitude of the spike 
discharge returned to its original value. 

Polarization caused changes not only in the spike but also in the electrotonie after potentials. Hyperpolariza- 
tion caused an increase in the negative after potentials, while depolarization reduced them. These results confirm 
those of Benoit and Coraboeuf [2] on the frog muscle. 

The relationship between the amplitude of the spike potentials and the degree of  polarization ~ of the ceiI is 
determined to a large extent by the ionic constitution of the surrounding medium. A calcium concentration is the 
most important. A reduction in the number of calcium ions had the effect that a polarizing current of a given 
intensity caused greater than normal change in amplitude (Fig. 1). 
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Fig. 1. The effect of polarization on spike potentials. Potentials 
from the nerveless part of a fiber. A) Normal calcium ion con- 

centration: 1) normal; 2) hyperpolar/ztng current of 7 .  10-8a; 
3) depolarizing current of 8 . 10 "s a; B) reduction of the cal-  

cium concentration by half: 1) normal; 2) hyperpolarizing cur- 

rent of 7 �9 10 "s a; 3) depolarizing current of 6 �9 10 -s a; C) cal-  
cium concentration reduced to 10%; 1) normal; 2) hyperpolariz- 

ing current of 7 �9 10 -8 a; 3) depolarization with a current of 

7 �9 20 -8 a; D) various responses to veratrine: 1) normal; 2) hy- 
perpolarization with current of 5 �9 10 -8 a; 3) hyperpolariztng 
current of 1 �9 10 "7 a. 

The effect influenced both the increase of amplitude due to hyperpolarization and its reduction by depolariza- 

tion. The marked increase in the sensitivity of the muscle fiber to polarization was noted even when the calcium 

ion concentration was reduced to one half. The most marked changes occured after reducing it to 20% of the normal 

value, or after e l iminat ing calcium ions completely from the Ringer solution (see Fig. 1). The results of these ex- 
periments therefore agree with those obtained by Frankenhaeuser and Hodgkin [5] using the giant axon of the squid 

and by Prankenhaeuser [6] on the frog nerve. 

Because anelectronic polarization of the cell caused a marked increase in the negative after-potential,  it was 

pertinent to find how negative after-potentials increased by the action of drugs would be affected. We therefore 

studied the effect of polarization on the negative after-potential ,  after treatment with veratrine. 

Veratrine in a concentration of 1 - 2 �9 10 -6 caused a marked increase in the amplitude and duration of the 

after-potential ,  and as a consequence, a number of spike potentials developed at its summit. After the muscle 
had been treated with veratrine, the effect of a hyperpolarizing current was to cause a still greater increase in the 
ampli tude of the after-potential ,  and the amplitude of the numerous discharges also increased. Similar results 
were obtained for the numerous responses developing as a consequence of increasing the after-potentials ' in a mus- 
cle fiber pl~/ced in a solution deficient in calcium ions. 

Thus,increased polarization causes an increase both in transmitted and in electrotontc after-potentials. 
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To determine the effect of cell polarization on post-synaptic potentials, the microelectrode was placed in 

the region of the end-plate,  as determined by the presence of "miniature end-plate potentials," 

According to Fatt and Katz [4], anodic polarization of the subsynaptic region of the end-plate of a muscle 
fiber causes an increase in the amplitude of the end-plate potential, whereas depolarization produced the opposite 
effect (Fig. 2). 
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Fig. 2. The effect of polarization on end-plate potentials. A) Normal calcium 
ion concentration: 1) normal; 2) hyperpolarizing current of 8 .  10 -e a; 3) de- 
polarizing current of 7 .10-e;  B) calcium concentration reduced to 10%: 1) nor- 
real; 2) hyperpolarizing current of 7 �9 10 -8 a; 3) depolarizing current of 7 �9 10 "8 a; 
C) after adding phenyldiguanidine (4 .  10 -6 a): 1) normal; 2) hyperpolarizing 
current of 7 �9 10 -8 a; 3) depolarizing current of 7 .  10 "e a. 

Un]Like the spike potentials of a muscle fiber, during hyperpolarization there was always a shortening of the 
descending phase of the end-plate potential. This effect of hyperpolarization was particularly well-shown when 
the end-plate potential was recorded at a reduced calcium ion concentration, or when 4 - 5 �9 10 -6 phenyldiguani- 
dine was added to the surrounding medium. The end-  plate potentials of such muscle fibers usually had a long 
negative plateau on the descending portion and its shape was similar to that of the negative after-potential of a 
spike discharge. After switching on the hyperpolarizing current, besides an increase in amplitude of the ascending 
portion of the end-plate potential,there was also a marked reduction of the negative plateau of the descending 
portion. This effect was present even when the hyperpolarization was produced by threshold currents of I - 3 �9 10 -8 a. 
Then the reduction of the plateau took place without any change in the amplitude of the ascending portion of the 
end-plate, potential. In some cases, after reduction of the calcium ion concentration or the addition of phenyldiguan- 
idine, the end-plate potential not only was increased in duration, but also took on a more complex form, and 
additional oscillations occurred in the descending portion, Anodic polarization completely eliminated this additional 
negative oscillation. 

On account of the marked difference in the effect of hyperpolarization on the negative after-potential occur- 
ring during the descending portion of the spike and the end-plate potential, the two processes must be different in 
nature. The negative after-potential which follows the spike in the denervated part of the fiber is probably due 
to residual permeability changes generated by the spike potential. The descending phase of the end-plate potential, 
particularly in cases when it is considerably lengthened and changed in shape through calcium ion insufficiency or 
by phenyldiguanide, is probably due to the development of a local excitatory process in the electrically excitable 
membrane surrounding the end-plate. Therefore, the marked reduction of  the descending prolonged end-plate po- 
tential phase induced by the influence of an anode must be thought to result from a hindrance to the spread of 
excitation from the membrane of the end-plate to the neighboring excitable membrane. 

643 



The next step was to determine the effect of anodic polar izat ion on the transition of the end-p la te  potent ia l  
into a spike, Spike potentials  of a muscle fiber were taken through a double-bar re l led  microe lec t rode  p laced  near 
the end-pla te .  When the nerve-muscle  preparation was in good condition, the ascending part of the spike suffered no 

not iceable  delay. After applying anodic polar izat ion,  besides an increase in spike potent ial ,  there was also a well  
shown dip corresponding to a delay in the transition of the end-p la te  potent ial  into a spike. Increasing the polar iz-  
ing current to 1 - 4 .  10 -T a caused complete  disappearance of the spike potent ial ,  although the end-p la te  potent ia l  

was still  recorded (Fig. 3, A, 3). 

I ] 25 mv 

80 msec 

]31 1 2 "3  

_J30 mv 

C1 2 

I 30 mv 

50 msec 

Fig. 3. The effect of polar izat ion on single and repeated 
musc le  fiber responses. Electrode p laced  near the end-pla te .  
A: 1) normal; 2) hyperpolar izing current 8 ' 10 -8 a; 
3) hyperpolar izing current 2 �9 10 -7 a; B: 1) normaI; 
2) hyperpolarizing current 6 �9 10 -8 a; 3), normal; C: 
1) normal; 2) hyperpolar izing current 8 . 10 -8 a; 3) depo- 
lar iz ing current 8 �9 10 -8 a; 4) normal. Motor nerve stimu- 
la ted at a frequency of 40 cycles. 

Interference with the transmission of exci ta t ion from the end-p la te  on to the e lec t r i ca l ly  exci table  membrane 
was also present at strengths of hyperpolarizing current which were without effect on the ampli tude of the spike po-  
tentials.  A high-speed t race of this process is shown in Fig. 3, B. It can be seen that when the hyperpolar izing 
current is switched on, there is a scarcely not iceable  dip in the ascending portion of the spike, corresponding to the 
transition of the local  potent ial  into a spike. With a moderate  degree of hyperpolar izat ion the t ime for the develop-  
ment  of the e lec t r ica l  response of the e lec t r ica l ly  exci table  portion of the fiber was considerably delayed.  After 
the hyperpolarizing current had been switched off, the ini t ia l  response was restored. 
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In connection with these results it would be interesting to determine the effect of polarization on the ability 
of the neuro-muscular junction to produce rhythmical stimulation. Examples of the action of hyperpolarization and 
depolarization on the transmission of repetitive impulses through a neuro-myal junction are shown in Fig. 3, B. It can 
be seen that a spike potential is not produced in response to the stimulus itself, but results from the gradual increase 
in the amplitude of the successive end-plate potentials (postactivational facilitation). A spike discharge occurs when 
the end-plate potential reaches a certain critical value. However, the amplitude of the subsequent spike discharges 
is rapidly reduced (pessimal effect). When there is hyperpolarization, the number of stimuli required to potentiate 
a spike is increased. The effect is probably due to an interference of the transmission of excitation from the end- 
plate on to the adjacent muscular membrane and to an increase in the critical depolarization level required for the 
generation of a spike. However, after this level has been reached, the spike potentials arise at each successive 
impulse, i. e.,the pessimal effect is reduced. 

On the other hand, with depolarization the critical level is reduced and the spike potential develops even 
more rapidly than normally, but the impulses which follow are no longer capable of generating a spike, After the 
polarizing current has been switched off, the initial level is restored. 

Thus. with tetanic stimulation hyperpolarization may lead to a reduction, and depolarization to an increase 
of the pessimal effect. It must, however, be noted that the effect of polarization on the ability of the neuro, muscular 
junction tc, reproduce rhythmical impulses depends on the strength of the polarizing current. With anodic polarization 
of an intensity which will cause appreciable interference with the transmission of excitation from the end-plate on 
to the neighboring surface of the muscle fiber (1.5 - 4 x 10"Ta), the pessimal effect was more marked than nor- 
mally. 

SUMMARY 

Double-barrelled intracellular microelectrodes were used to determine the effect of direct-current polariza- 
tion on the electrical responses of an indirectly stimulated skeletal muscle fiber membrane. Hyperpolarization 
increased the amplitude of spike potentials, negative after-potentials, and end-plate potentials. Depolarization 
had the reverse effect. The dependence of the amplitude of the electrical responses of the muscle fiber on its 
polarization was most pronounced when the concentration of calcium ions in the Ringer's solution was diminished, 
Anodal polarization interfered with the spread of excitation from the end-plate region to the adjacent fiber mem- 
brane. Polarization influences the ability of the myoneural junction to conduct the rhythmic impulses to the motor 
nerve. 
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All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. S o m e  or  all  of t h i s  peri-  

o d i c a l  l i t e r a t u r e  m a y  w e l l  be  a v a i l a b l e  in E n g l i s h  t rans la t ion .  A complete list of the cover-to- 
cover English translations appears at the back of this issue. 
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